Pollen morphology characterization is important in taxonomy, conservation and plant breeding, and pollen viability studies can support breeding programs. This study investigated pollen morphology and male fertility in 18 species of Bromeliaceae with ornamental potential. For morphological characterization, pollen grains were acetolyzed and characterization of exine was done using scanning and transmission electron microscopy. Pollen viability was investigated by in vitro germination and histochemical tests. Species belonging to Aechmea and Ananas genera presented medium size pollen, except for Ae. fasciata, with large pollen. Al. nahoumii, P. sagenarius and the Vriesea species analyzed showed large pollen, except for V. carinata, with very large pollen. Pollen of Aechmea, Ananas and P. sagenarius presented bilateral symmetry, diporate, exine varying from tectate to semitectate. Al. nahoumii and Vriesea species presented pollen with bilateral symmetry, monocolpate; exine was semitectate, reticulate and heterobrochate. Germination percentage and tube growth were greater in SM and BKM media. Histochemical tests showed pollen viability above 70% for all species, except for Ananas sp. (40%). Pollen morphology is important for the identification of species, especially in this family, which contains a large number of species. High rates of viability favor fertilization and seed production, essential for efficient hybrid production and conservation.
INTRODUCTION
The family Bromeliaceae belongs to the order Poales and contains around 58 genera and 3,904 species (Butcher and Gouda 2017) , making it the largest family with natural distribution restricted to the New World, except for Pitcairnia feliciana (Aug. Chev.) Harms & Mildbr, a native of Guinea in West Africa (Smith and Downs 1974, 1977, In addition to morphology, knowledge of the viability and longevity of pollen is crucial to preservation efforts and genetic improvement of many species . Conservation of pollen is also important to basic research, allergy testing, traceability studies and exchange and preservation of germplasm (Volk 2011) .
To be useful for research, preserved pollen must be viable. Therefore, this needs to be monitored before, during and after storage, to establish the maximum period in which pollen can remain preserved without losing its properties and thus its ability to germinate .
Pollen viability can be determined by various techniques. These can be grouped into direct methods such as in vitro germination (Parton et al. 2002 , Kumari et al. 2015 and in vivo germination , or indirect methods based on parameters such as cytological staining (Kearns and Inouye 1993 , Kumari et al. 2015 . Despite being simple, quick and inexpensive, histochemical tests do not provide information about the germination of pollen.
In vitro germination is the most widely used method to determine the fertility of pollen, by investigating the development of the pollen tube. The success of in vitro germination depends on several factors, such as species, nutritional status of plants, time and method of collecting pollen, photoperiod, temperature, incubation period and composition of the germination media (Taylor and Hepler 1997, Soares et al. 2015) , which need to be adjusted for each species (Brewbaker and Kwach 1963, Dafni 1992) . To obtain reliable estimates of pollen viability, it is necessary to define a germination medium that permits the expression of its physiological potential for the formation of the pollen tube. Different media for in vitro germination of pollen have been reported for a large number of species, with considerable intra-and interspecific variation (Parton et al. 2002) .
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The in vitro germination of pollen of various species is performed in germination media containing carbohydrates and germination stimulants (micronutrients and hormones). Many organic and inorganic substances, such as sucrose, boric acid, calcium nitrate, potassium nitrate and magnesium sulfate, exert effects on the in vitro germination of pollen (Parton et al. 2002) . Sucrose is intended to provide osmotic balance between the pollen and the germination medium and to provide energy to assist the development of the pollen tube (Stanley and Linkens 1974) . Boron and calcium are essential for the germination and the growth of pollen tubes, minimizing the sensitivity to variations in the germination medium, affecting membrane permeability and stiffening the pollen tube (Bhojwani and Bhatnagar 1974) .
Like pollen morphology studies, little has been published about the viability of pollen from Bromeliaceae. Wee and Rao (1979) evaluated the germination of pollen of two species of the genus Ananas in different concentrations of vitamins and hormones and obtained germination percentages below 33% and pollen tube length of less than 1.843 µm. Parton et al. (2002) studied three different germination media for seven species of the genera Aechmea, Vriesea, Guzmania and Tillandsia and obtained germination percentages ranging from 0% in Guzmania 'Daniel' to 95% in Ae. fasciata, in germination media containing only boric acid (0.01%) and sucrose (20%). Palma-Silva et al. (2004) evaluated the viability by histochemistry using Alexander's stain (1980) in ten Vriesea species and obtained viability higher than 90%. Soares et al. (2011) studied different species of the genus Ananas using two incubation temperatures (25 ºC and 30 ºC) for in vitro germination of pollen and observed that 25 °C was the most suitable temperature for P. sagenarius, while for the other varieties there was no difference between the optimal temperatures.
To obtain information that can improve the family's taxonomy and conservation of species, and also to support genetic improvement programs, we studied the pollen morphology patterns and evaluated male fertility of species with ornamental potential of the Bromeliaceae family.
MATERIALS AND METHODS

PLANT MATERIALS AND GROWTH CONDITIONS
Plants of 18 species of Bromeliaceae with ornamental potential were cultivated in a greenhouse, in plastic pots (13 cm height by 10 cm diameter), with Basaplant® substrate, at ambient temperature and relative humidity of 70%, in the municipality of Piracicaba, São Paulo state, Brazil. A pilot study was carried out to determine the time to flower opening. The pollen grains were collected from flowers at anthesis. For transmission electron microscopy (TEM), the pollen grains were fixed in the same modified Karnovsky solution (Karnovsky 1965) for 24 hours. Subsequently, they were washed in sodium cacodylate buffer (0.1M) and immediately post-fixed in osmium tetroxide (1%) for 1 hour, followed by washing in saline solution (0.9% sodium chloride) and pre stained with uranyl acetate (2.5%). Then the samples were dehydrated in an increasing acetone series (35-100%) for 20 min each what that. The samples were then gradually infiltrated in Spurr resin and embedded in pure resin for 48 hours at 70 °C. The blocks were sectioned with an ultramicrotome (Sorvall Porter Blum MT2, Norwalk, USA). The ultrathin sections (60 nm) obtained were deposited on copper grids previously covered with Formvar® and contrasted in uranyl acetate (2.5%) and lead citrate according to Reynolds (1963) . The images were obtained with a Zeiss EM900 transmission electron microscope (Carl Zeiss, Jena, Germany).
PRODUCTION AND SIZE OF POLLEN
The number of pollen grains was estimated counting the number of pollen grains produced per flower, considering six anthers per flower. Three flowers were collected from three different inflorescences and anthers were individually stored in Eppendorf tubes, following methodology described by Kearns and Inouye (1993) . Acetolyzed pollen grains were used for measuring pollen grain size, following weak lactic acetolysis (ACLAC 40), as described by Raynal and Raynal (1979) . Polar and equatorial diameters of 25 random pollen grains in equatorial view were measured by the ImageJ 1.46r software (Rasband 1997 (Rasband -2012 . The pollen grains were classified according to the nomenclature described by Punt et al. (2007) . With the aid of a brush, the grains were distributed in the germination media in Petri dishes, which were maintained in an incubator at 27 ± 1 °C. The experimental design for pollen germination was completely randomized with four culture media in 12 replicates, each consisting of three Petri dishes, divided into four quadrants.
The germination rate and length of pollen tubes were measured 24 hours after inoculation in the germination media. Photomicrographs were obtained using a Leica EZ4 D stereomicroscope (Leica, Wetzlar, Germany).
The germination percentage was determined by counting all the pollen grains in each quadrant (at least 1,000 per treatment). Pollen tube length was established by randomly measuring five pollen tubes in each quadrant, or a total of 60 pollen tubes per treatment. Pollen grains were considered germinated when pollen tube length was greater than twice the pollen diameter.
The germination percentage data was transformed by arc sin (√x/100) prior to statistical analysis. For comparison of means, data was submitted to analysis of variance ( 
RESULTS
POLLEN GRAIN MORPHOLOGY
The pollen grain size was classified into medium for the species of the genera Aechmea and Ananas, except for Ae. fasciata, which together with Al. nahoumii, P. sagenarius and Vriesea presented pollen with large size. V. carinata was the only species with very large pollen (Table I (Table I) .
Observation of ultrathin sections of the sporoderm of pollen by transmission electron microscopy can reveal the exine layers externally and the intine layers internally. There was variation in the thickness of the exine layers according to the species studied, from 1.41 ± 0.09 µm for Ae. bicolor to 4.00 ± 0.34 µm for V. unilateralis (Table II) verrucate (Figure 1e-h) . Ae. distichantha: medium pollen, bilateral symmetry, oblate shape, diporate, with a more convex side and the other flatter, tectate exine, rugulate with perforations (Figure 1i-l) . Ae. fasciata: large pollen, bilateral symmetry, oblate shape, diporate, semitectate exine, reticulate, lumens ranging from round to polygonal, with granulations ( Figure 1m-p) . Ae. nudicaulis: medium pollen, bilateral symmetry, oblate shape, diporate, semitectate exine, reticulate, sparsely drilled walls, lumens ranging from round to polygonal, without granulations (Figure 1q-t) .
GENERA Ananas AND Pseudananas
The Ananas pollen grains were medium sized and
Pseudananas sagenarius presented large pollen.
The two species had pollen with bilateral symmetry, oblate shape, diporate, semitectate exine, reticule with an alveolus format (for An. parguazensis), with perforations, lumens with contour ranging from round to polygonal, with granulations ( Figure 2 ).
GENUS Alcantarea
The pollen of Al. nahoumii were large, with bilateral symmetry, elliptic shape, with an equatorial boundary, being plane on one side and convex on the other, monocolpate with irregular contour, approximately the same length as polar diameter or larger, semitectate exine, reticulate, with meshes smaller towards the colpus and the tips, heterobrochate, without granulations, lumens ranging from round to polygonal (Figure 3a-d) .
GENUS Vriesea
Except for V. carinata, which presented very large pollen grains, all the other Vriesea species presented large pollen grains, bilateral symmetry, elliptic shape, equatorially present boundary plane on one side and convex on the other, monocolpate with irregular contour, about the same length as the equatorial diameter or larger, semitectate exine, reticulate, with smaller mesh towards the colpus and the tips, heterobrochate, with granulations and, lumens ranging from round to polygonal ( Figure  3e -z, α-ß).
In vitro POLLEN GERMINATION
Statistical analysis showed significant interaction between the different germination media and the species studied, for the percentage of in vitro germination and pollen tube length (Table III) . After 24 hours of incubation, in general BKM and SM media resulted in higher germination and pollen tube length for all species. The BM medium was low efficient for germination: pollen of only eight species germinated on this media, with values lower than 39% (Table III) . Among the Vriesea species, V. simplex, V. michaelii and V. friburgensis presented the best results when germinated in BKM and SM media.
The pollen tube length was also variable, depending on the species and germination media (Table III, Figure 4a-b) . Ae. fasciata presented the highest values in BKM and SM media, averaging 1.14 mm (Figure 4a ), while the lowest values were obtained in BM medium for all species studied (Table III, Figure 4b ).
HISTOCHEMICAL ANALYSIS OF POLLEN VIABILITY
Histochemical tests showed high pollen viability rates for most of the species studied using the three stains, with most values greater than 70% and the best rate being 100% for An. lucidus by acetocarmine and Sudan IV staining (Figure 4c-e) . In contrast, Ananas sp. showed low viability, with values lower than 40% for all three stains (Table  IV) .
DISCUSSION
POLLEN GRAINS MORPHOLOGY
The morphology of the pollen grains of the bromeliad species varied in type of aperture (colpate and porate), size, and exine ornamentation. The observed characteristics are in accordance with the literature for the family Bromeliaceae (Mez 1891 -1894 , Wanderley and Melhem 1991 , Vervaecke et al. 2003 , Moreira et al. 2005 , Silva et al. 2016 . The characteristics of the species of the genus Vriesea were in accordance with Halbritter (1992) , who stated that the species of the subfamily Tillandsioideae generally present monocolpate pollen, with little morphological variation. The results observed in this study were consistent with the observations of acetolyzed pollen reported by Moreira et al. (2005) . Moreira et al. (2005) , working with species of the genera Neoregelia and Nidularium, subfamily Bromelioideae, described the exine with thickness between 4.28 to 4.67 micrometers, larger than those observed for the genera Aechmea and Ananas Footnotes: a = Germination media: BM (Parton et al. 2002) , BKM (Brewbaker and Kwack 1963) , MBKM (Brewbaker and Kwack 1963, modified) , SM (Soares et al. 2008) .
b The results correspond to the average pollen tube length of 60 grains, 24 hours after inoculation on germination media. Averages followed by the same lower-case letter in the column and capital letter in the line do not differ by the Scott-Knott test at 1% probability.
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EVERTON H. SOUZA et al. in this study and similar in size to those found for the genus Vriesea of the subfamily Tillandsioideae. However, the pollen grains presented in both reports all fell into the same class, i.e., from medium to large. According to Benzing (2000) , the use of pollen morphology characteristics for taxonomic studies is an alternative to the use of other characteristics, such as leaf and flower color and size of structures, which are more subject to change compared to the characteristics of pollen grains.
The number of pollen grains produced per flower varied considerably between genera and in some cases between species of the same genus (Table I ). The variation in the evaluated species corroborated the results found by Hmeljevski et al. (2007) , who studied Dyckia ibiramensis and obtained an average of 54,675 grains, while Rogalski et al. (2009) counted an average of 70,700 grains for Dyckia brevifolia, highlighting a significant variation between two species of the same genus. The production of pollen together with viability and other factors directly influence the success of fertilization, generating more seeds (Smith et al. 2009 ). The number of flowers per inflorescence is quite variable within the Bromeliaceae family. This will directly influence reproduction, pollination syndrome and species breeding programs.
In vitro POLLEN GERMINATION
In general, BKM and SM media produced the highest germination rates and pollen tube length for all species. The BM medium (Parton et al. 2002) developed for bromeliads of the genera Aechmea, Vriesea, Guzmania and Tillandsia, was not efficient for germination. The presence of calcium, magnesium, potassium nitrate and lower sucrose concentrations seem to be fundamental in promoting germination of pollen of the species studied.
In vitro germination, despite the advantage of controlling the experimental conditions, does not completely reproduce pollen tube growth in vivo, since interactions may occur between the composition of the germination medium and the various plant material and environmental conditions. However, despite these drawbacks, in vitro germination simulates the closest condition to in planta pollen germination (Soares et al. 2013) and has been considered a very useful methodology for this purpose.
The results obtained in this study were different from those obtained by Parton et al. (2002) for the species Ae. fasciata, Ae. chantinii, Vriesea 'Cristiane', V. splendens, Guzmania lingulata and Tillandsia cyanea. They obtained the best results using BM medium, in comparison with BKM and MBKM media. This supports the need to adapt these protocols for each species. Some authors consider that the germination media should include, in addition to carbohydrates, elements such as boric acid, calcium nitrate, potassium nitrate and magnesium sulfate (Taylor and Hepler 1997) .
According to Pfahler et al. (1997) , boron maximizes germination and the responses vary according to the species. Its mechanism of action is to interact with sugar and form an ionized sugarborate complex, which reacts more quickly with cell membranes. Thompson and Batjer (1950) found increased germination percentage and greater pollen tube length of various temperate fruit species with the addition of boron to germination media. However, the results of this study highlight the need to add other elements to germination media. Parfitt and Ganeshan (1989) , staining with acetocarmine to check pollen viability does not produce reliable results. They observed that heat-killed Prunus pollen was highly stained. Kearns and Inouye (1993) reported that histochemical tests are used to indicate pollen viability, but these tests reflect only the integrity of cell structures. Acetocarmine indicates the chromosomal integrity (Kearns and Inouye 1993) , Sudan IV the presence of lipids (Baker and Baker 1979 ) and Alexander's solution contains acidic fuchsin and green malachite, which react with the protoplasm and the cell wall cellulose of pollen (Alexander 1980) . For a more successful pollination, it is important for the two factors (germination and pollen tube length), to be as large as possible, increasing the likelihood that the gametes will meet (Soares et al. 2008) . Thus, the establishment of efficient germination media is important, since knowledge of the germination rate and pollen viability are important for planning genetic improvement programs aimed at producing hybrids.
On the other hand, for pollen conservation, the development of a method that permits viability testing before and after storage is important for the use of this strategy, and germination in culture media is easy and can be used routinely.
Thus, the results of this study contribute to the characterization of the bromeliad species studied, and can support the conservation and genetic improvement of these species, with substantial gains in both areas.
CONCLUSIONS
Variations in shape and size were observed in pollen morphology among the studied species. Aechmea and Ananas presented medium sized pollen, except for Ae. fasciata. Al nahoumii and Pseudananas sagenarius, and species of Vriesea showed large pollen, with the exception of V. carinata, with very large pollen.
Aechmea, Ananas and P. sagenarius pollen have bilateral symmetry, oblate shape, diporate with exine ranging from tectate to semitectate. Al. nahoumii and Vriesea species have pollen monocolpate, with bilateral symmetry, elliptic shape, with semitectate, reticulate, heterobrochate exine.
The pollen of the species studied showed high germination rates and pollen tube length, except for the Ananas sp. accession. The use of different germination media and histochemical tests allowed for the definition of the MS and BKM media as the most suitable for bromeliads, and showed that all the stains present similar results. Studies of the morphology of pollen offer detailed characterization of the species, which can be important for taxonomy, improving the distinction of very similar species. On the other hand, studies of pollen viability can support conservation and genetic improvement of the species.
